Marta Koch: Our DNA is nicely squeezed in the nucleus of each one of our cells. And we know this is not a random process. So how is it arranged?
Job Dekker: That's a good question. I think one way to put it is that you have different views of this, and one extreme view would be, it's just packed inside the nucleus and that's without any guiding principles. It just needs to fit, and the local DNA sequence is enough to guide any genomic process, like transcription.
Another extreme would be that the cell has to organize this very long chromosome in a very precise way-that fits only in one way. I think we now start to understand that it's a little bit in between. Some things need to be packed correctly, and there's a lot of things that can be packed in many different ways and will still work.
MK: Do we know what are the things that need to be packed correctly and the ones that are perhaps, you know, less important in biological terms?
Mitchell Guttman: I think that there are probably two levels of interactions to think about, right? One of which is .
[that] you might have a certain structure that's dictated by linear sequence and linear structure that is fairly invariant from cell type to cell type. Another layer might be highly dynamic, where certain regions have to be accessible in one cell state, but not necessarily accessible in another cell state, or you have these structural changes that are important for changes in gene regulation .which is maybe the in-between of the two extremes Job was talking about.
Stavros Lomvardas: But it seems that the topological domains have to follow some specific principles. There are now reports that mutations that affect this organization have developmental effects, which was very exciting, right? But the organization in the three-dimensional structure does not have to be so organized. And sometimes it's preferred to be more stochastic than organized.
JD: I think one view is that you have this very long molecule that has to fit inside this very small space, and when you do that, it might end up being very random. That's basically saying, ''Some things, in some cell types, have to be correctly folded. Other things are less important.'' So one way a cell can solve this is to take this very long molecule and break it up in smaller structures like topological domains. These are small domains, but the cell can probably organize the DNA inside that domain, this is a few hundred kilobases .
How these domains then end up like a big collection of balls inside a bag . how they all end up relative to each other is going to be much more stochastic. But that's probably fine for many things, as long as the internal structures of the domains are fine. And this might help regulating genes, which are mostly regulated by regulatory elements that are maybe a few hundred kilobases away from the gene?
They typically live inside this little structure, this topological domain-don't care so much about the rest of the genome. So, I think that structure is getting a lot of attention in the field because it seems to be a reproducible, stable structure of a few hundred kilobases like a building block of the 3D genome.
And these building blocks can be put together in many different ways. But inside that block, things are rather well defined in terms of their structure-even though it might be still dynamic inside that domain.
SL: It's a little bit like organizing a closet, I think. You have to keep the socks with the socks and the shirts with the shirts, but it doesn't matter in which exact drawer they are. As long as they are together. So I think this is a good analogy.
MK:
That's a very good analogy! JD: I actually like that analogy a lot and I think it also highlights what the cell needs to do. It needs to put genes in their place, and there may be many places where they can be put, but there needs to be a machinery that .
[can] reach out and pick out a gene and activate it. And the same is true when the cell divides. When the chromosomes change their shape completely, it's like taking all your clothes and putting them up tidily . in a suitcase.
SL: It's like moving, yes. JD: Putting them in a suitcase for transportation to the daughter cell. And now you're in the daughter cell, you have to unpack it again and hang up all the genes. So there must be a lot of machines inside the cell that just handle this process and fold and unfold and refold chromosomes.
And I think this is an area where the field is currently really spending a lot of energy. We have developed ways to look at the structure of chromosomes. We can do this by imaging, we can do this by a variety of genomic methods. But now I think we start to understand there are several aspects of this structure that are highly defined and others that are more stochastic. What machinery does this? And Mitch, your work alone on non-coding RNAs is a great example of that, I think.
MG: I think that's the critical question, right? How does this dynamic organization happen? How do you get different regions of the nucleus to actually change shape and get brought together or get repositioned to actually enable functional changes. I certainly don't want to say that RNA is the be-all and end-all in this. Obviously, we don't know that. But one thing we've started to think a lot about is the role that RNA can actually play in these processes because of my work on X-inactivation and the XIST RNA specifically, which leads to large-scale structural changes on the X chromosome.
For example, you know the work that Job showed and talked about [Ed Note: M.G JD: In the last couple of years, we've developed all these methods to see the structure. We now have a pretty good view of the structure, we can see it or deduce it from interaction maps and get a feel for where the structure is. Now we're starting to learn to identify the machineries that make this structure. But I think the big elephant in the room is how does this structure instruct gene organization? How is this structure helpful to somehow instruct that this enhancer should regulate that gene? We have some ideas about that, but I think now with genome engineering we are starting to be able to not only see a structure, but manipulate the structure. And then we can maybe get to the question, how does this structure help a genome be active and have the right genes expressed at the right time.
Because that is the function of this whole structure. To respond to the signals, to express the right subset of genes. How does it do that? . I think we are now at that stage [where] we can make hypotheses on how this structure can be helpful for regulating this set of genes and then use CRISPR to change the structure and see how it actually affects function, because that link between the structure and function, and gene expression is still very much missing.
MK: So, you really need a multidisciplinary approach for tackling such a big question.
MG: Absolutely . if you compare it to other areas of biology, I think that the idea that you need interdisciplinary research, computational tools, physical, biophysical tools, genomic methods, imaging, all these approaches have always been sort of like the cornerstones of the field.
JD: And I think with the establishment of this new initiative from NIH, this 4D Nucleome consortium, there is a great opportunity now to do that interdisciplinary work that you were just referring to, because in this consortium, NIH has been able to bring together genomicists, classical microscopists, cell biologists, physicists.
MG: Live-cell imaging, kinetics. JD: And the idea is that if we bring all these people . it's wonderful. I think, hopefully, amassing this all-star team to bring all their expertise to bear to solve this singular problem. How does a 3D genome work? What is it? How is it made? How does it function? And I hope this is going to be an effort for the next five years to really transform this field [Ed Note: A link 
